Measles virus Edmonston strain was purified by ultrafiltration followed by two successive redimentations through sucrose. Purified virus retained infectivity and, when used as an immunogen, elicited high titred antibody to measles antigens by conventional serology. The measles preparations were examined by SDS-PAGE followed by staining. In addition, following PAGE, the purity of these preparations was assessed immunochemically using antisera directed to measles and host cell antigens. The results of these studies demonstrate the utility of the purification method for the preparation of milligram quantities of relatively pure measles virus.
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I N T R O D U C T I O N
Assessment of the immune response to measles virus is of major importance because of the widespread immunization of human subjects with this agent. Furthermore, this virus or a closely related variant causes the progressive neurological disease, subacute sclerosing panencephalitis (Horta-Barbosa et al. I969 ) and has been implicated in multiple sclerosis (Adams & lmagawa, i962 ) . Immunological assessment has been hampered by the low yields of cell-free virus and the absence of a purification method that provides sufficient quantities of measles to attempt such studies. This report describes a means of preparing relatively pure measles virus which retains infectivity as well as antigenicity subsequent to purification.
METHODS
Cell culture. Vero cells (ATCC, Rockville, Md.) were used for the growth and plaque assay of measles virus. Cell cultures were maintained as monolayers in plastic roller bottles (490 cm 2, Corning Glass Works, Corning, N.Y.) or 6-well cluster plastic Petri dishes (6o mm, Costar, Cambridge, Mass.) in medium 199 supplemented with I o % foetal calf serum (FCS), 2 mM-glutamine and I °/o (v/v) penicillin and streptomycin (Grand Island Biological Company, Grand Island, N.Y.) . Cell cultures were incubated at 37°C in an atmosphere of 5 % CO2 in air.
Virus propagation. Edmonston measles virus (ATCC, Rockville, Md.) was plaque-purified three consecutive times and a stock pool was prepared. Stock virus was diluted in medium I99 containing 2 % FCS and applied to monolayers at a multiplicity of o.oI p.f.u./cell After 6o min at 37°C, too ml of fresh medium containing 2 % FCS, glutamine and antibiotics were added. Supernatant fluids were harvested at 72 h p.i., monolayers were replen-ished with IOO ml of medium and the fluids were harvested again at 96 h. Supernatant fluids were clarified at toooo g for 3o rain and stored at -7 o °C.
When virus was to be labelled with ~H-leucine, medium I99 with only IO % of the leucine normally present was employed. TwenWfour h p.i., the culture medium was decanted, the monolayers were washed with leucine-free medium and re.-fed with medium containing L-4,5-3H-leucine (Io #Ci/ml, sp. act. of 58 Ci/mmol; Amersham/Searle, Arlington Heights, Ill.).
Viruspurifieation. Clarified supernatant fluids were processed through a membrane concentration system (High Volume Molecular Filtration Cell, Mitlipore Corporation, Bedford, Mass.) employing one square foot of membrane with a nominal tool. wt. exclusion of I × IO 6. Prior to use, the cell was treated with 2 % formalin. Supernatant fluids containing measles virus were pumped on to the membrane at pressures not exceeding I5 p.s.i. Subsequent to recovery of the concentrated virus, the membrane was washed with fresh medium to recover virus that remained in tubing and on the membrane surface. Concentration of 3 1 of tissue culture fluids to ~ I/6o of the original volume was attained in I'5 to 2-o h. The entire procedure was performed on ice.
Concentrated virus was centrifuged at 4°C for 3 h in an SW27 rotor (Beckman Instruments Inc., Palo Alto, Calif.) at 25000 rev/min through 2o % (w/w) sucrose on to a cushion of 6o% (w/w) sucrose (I x SS). Virus collected from the interface was then sedimented through 35 % (w/w) sucrose on to a 6o % cushion (z x SS).
For some studies, I x SS virus was subjected to isopycnic centrifugation in linear glycerol (t5 %, w/w) potassium (K) tartrate (4o %, w/w) gradients. Centrifugation was at 4°C in an SW27 rotor at 250oo rev/min for 4 h. All solutions were prepared in o'oo5 M-tris, pH 7"4, containing o.ooI M-EDTA (TE buffer). Following dialysis, protein concentrations were determined (Lowry et al I95I) using bovine serum albumin as the standard.
Plaque assay. Infectious virus was titrated on Vero cell monolayers. Appropriate dilutions of virus were incubated with the monolayers for I.o h at 37°C. Next, an overlay of z x Eagle's medium mixed with an equal vol. of ~ % agarose and Io % FCS was added. Five days after infection, the monolayers were stained with neutral red ; plaques were counted on the sixth day.
Sodium dodecyl sulphate polyacrylamide gel electrophoresis. SDS-PAGE was performed as described by Laemmli (197o) . Both cylindrical and slab gel systems employed a 7"5% running gel and a 5"o% stacking gel. Electrophoresis was conducted at 2 mA/gel for cylindrical gels and at I5o V for slab gels, until the tracking dye reached the bottom of the running get. Gels were stained with o.2 % Coomassie blue R-25o dissolved in destaining solution (45 % methanol, Jo% acetic acid and 45 % H20). Molecular weights of measles polypeptides were estimated from their migrations relative to those of standards with known tool. wt.
In some experiments, cylindrical gels were cut into I.O mm slices which were incubated with l oo/zl of 30 % H202 for 24 h at 50 °C. Subsequently, Io ml of Aquasol (New England Nuclear, Boston, Mass.) was added and the samples were stored at 25 °C until the counts had stabilized.
Slab gel antibody overlay. The procedure was a modification of that described by Burridge (1976) . Following electrophoresis, slab gels were fixed for 2 h in destaining solution and washed for 24 h with several changes of TN buffer (o'o5 M-tris, pH 7"4, and o. 15 M-NaCI). The gels were placed on glass slides, overlaid with antiserum (I : 5o dilution in TN buffer) and incubated at room temperature in humidified Petri dishes for 18 h. The gels were subsequently washed for 48 to 60 h on a platform rocker with multiple changes of TN buffer. The gel slabs were then overlaid with radioiodinated antibody at f@to fo 6 ct/min/cm"-of gel area. F i l t r a t e 320 3"2 x io 4 2950 2"9 x io 5 635 Following exhaustive washing in TN buffer (48 to 72 h), the gels were equilibrated with I ~o glycerol in H20 for 45 min, dried and assessed by autoradiography using Kodak RP Royal X-Omat film (XR-2). Serological assays. Haemagglutination and haemolysin antibody titres were determined by a modification of the methods described by Katz & Enders 0969), using a commerical measles antigen preparation (Microbiological Associates, Walkersville, Md.). Titres are expressed as that dilution of serum giving 5o % inhibition of haemagglutination (HAI) or haemolysis (HLI). Neutralizing antibody was detected using a standard plaque inhibition assay. Titres are expressed as that dilution of serum that fnhibited 50 % of the p.f.u, as compared with normal serum controls.
Antisera. Rabbit antibody to measles virus was produced by intradermal administration of ~oo #g of 2 × SS purified measles virus in complete Freund's adjuvant at multiple sites along the back. Four weeks later, booster immunizations were given using the same amount of virus in incomplete adjuvant. Blood was obtained I O to 12 days post-immunization. This serum neutralized measles infectivity at a 1:3ooo dilution and had HAI and HLI titres of I ]512 and 1"IO24, respectively. Serum from a patient with SSPE was used as a source of human measles antiserum; this had HAI and neutralization titres of l:IOZ 4 and 1:5ooo, respectively. Anti-Vero cell antibody was raised in rabbits following the same immunization schedules used for the production of measles antiserum. For both primary and secondary immunizations, 2 x io 8 uninfected Vero cells were given.
Sheep antiserum to human IgG (McFarlin et al. 1968) was purified by solid phase immunoadsorption and was absorbed with (Fab')2 of human IgG coupled to Sepharose. Sheep anti-rabbit IgG was prepared in a similar manner and purified by solid phase immunoadsorption using rabbit IgG coupled to Sepharose. Sheep anti-human Fc and anti-rabbit IgG were radioiodinated using chloramine T (Hunter & Greenwood, I96Z) .
Cell lysates. Uninfected Vero cell lysates were prepared as previously described (Wechsler & Fields, I978) .
R E S U L T S

Membrane concentration of measles virus
Ultrafiltration proved to be an effective means of concentrating measles virus as indicated by the recovery of 70 to 80 % of the original p.f.u, in the concentrate with only minimal losses due to adsorption to the membrane or to passage of virus into the filtrate (Table 1) When large volumes ( > Iooo ml) of supernatant fluids were concentrated, significant quantities of virus were trapped on the membrane. This virus could be recovered by washing the membrane with fresh medium (Table I, Experiment 2).
Polypeptide composition and recovery of infectious measles virus following purification
After membrane concentration, two methods of virus purification were assessed which, in part, have been utilized by other investigators (Hall & Martin, 1973 ; Hardwick & Bussell, I978; Seifried et al. I978; Tyrrell & Norrby, 1978) . Sedimentation of virus on 2o/6o% (w/w) discontinuous sucrose gradients (I x SS) was the initial step common to both purification methods. Virus banding at the interface between the two sucrose layers was then applied to either (a) pre-formed glycerol-potassium tartrate gradients, or (b) 35/6o % (w/w) discontinuous sucrose gradients (2 x SS). Each preparation was analysed for polypeptide composition by SDS-PAGE and for recovery of infectious virus. Although both methods of purification resulted in essentially identical polypeptide profiles (Fig. I b) , the amount of infectious virus recovered from 2 x SS preparations was consistently greater than that recovered from K tartrate purified preparations (Table 2) . Thus, membrane concentration followed by two successive sedimentations through sucrose was adopted as the method of choice for virus purification. Purified virus resolved into six major protein components ( . All antisera were used at a 1/5o dilution. Subsequently, the gels were overlaid with the appropriate 12H-anli-IgG. Lane (f) contains *25I-labelled standard proteins: TRF, transferrin (76ooo); BSA, bovine serum albumin (68ooo); OVA, ovalbumin (43ooo) and CTA, chymotrypsinogen A (a5ooo).
only when internally labelled with glucosamine or when externally labelled with tritiated borohydride following treatment with galactose oxidase (Hardwick & gussell, I978; Tyrrell & Norrby, I978) . Two large polypeptides (about 2ooooo mol. wt.) were consistently observed and, in accordance with recent studies (Wechsler & Fields, ~978; Tyrrell & Norrby, I978) , the smaller of these has been designated as ' L ' Since the larger component was also observed in lysates of uninfected Veto cells it was considered to be a host cell contaminant. In addition to the major polypeptides, a component of approx. 54ooo tool. wt. (P4) was observed in stained gels and at times was seen in radiolabelled (3H-leucine) profiles. A protein of this size has been reported as a possible structural polypeptide of measles virus (Mountcastle & Choppin, I977).
Immunological assessment of measles virus purity
When tested in the slab gel overlay assay, both rabbit anti-measles sera and SSPE sera reacted strongly with polypeptides P and NC as well as with the F~ and matrix proteins (Fig. 2, lanes a and b) . In addition, rabbit anti-measles serum reacted with polypeptides in positions correlating with actin, P4 and a 5tooo tool. wt. component and reacted weakly with L and the high tool. wt. polypeptides. With the exceptions of the large polypeptides, w . J . BELLINI, A. TRUDGETT AND D. E. McFARLIN binding was detected in these same regions with the SSPE serum. The 51ooo tool. wt. component appearing just above the actin band may be comparable to the alpha protein observed by Wechsler & Fields (1978) . After prolonged exposure of the autoradiograph, a diffuse band in the region of the HA protein was observed in gels overlaid with the rabbit antiserum (Fig. 2, lane a) but not in gels overlaid with the SSPE serum.
Rabbit anti-measles serum was found to react with only one polypeptide of uninfected Vero cell lysates (Fig. 2, lane e) , whereas the SSPE serum showed no binding. However, using the hyperimmune antiserum to Vero ceils, four antigenic components detected in Vero cell lysates (Fig. 2, lane d) were also found in the measles preparations (Fig. 2, lane c) . The reactivity was relatively weak with the measles preparation, indicating that these components were minor contaminants. Correspondingly, these proteins were barely visible in stained gel preparations.
DISCUSSION
This study has described an effective means for obtaining milligram quantities of relatively pure measles virus, while preserving the infectious nature and antigenic properties of the agent. Concentration of measles virus by ultrafiltration resulted in a 68 % mean recovery of infectious virus and offered an alternative to the use of substances such as polyethylene glycol, concanavalin A or ammonium sulphate previously utilized to precipitate the virus (Hall & Martin, I973; Mountcastle & Choppin, I977) .
Tyrrell & Norrby 0978) reported that measles virus purified by discontinuous 40/60 % (w/w) sucrose gradients followed by density banding in K tartrate contained substantially less host cell contaminants than virus purified by two successive bandings in K tartrate. These investigators established that host contaminants aggregated tenaciously to the virion when concentrated virus preparations were applied directly to the K tartrate gradients. In the present study, a significant loss in infectious virus correlated with the K tartrate step. Additional studies indicated that aggregation of the virus itself in K tartrate may account in part for the loss in infectivity (W. J. Bellini, unpublished observation). In contrast, recoveries of infectious virus, generally exceeding 5o % of the original p.f.u., were obtained using two successive sedimentations through discontinuous sucrose gradients, subsequent to ultrafiltration. Polypeptide profiles from these preparations were essentially identical to those of K tartrate purified virus. Moreover, 2 × SS purified measles virus retained the immunogenic capacity to evoke antibody formation, as determined by conventional serological methods.
The relative purity of measles preparations was confirmed immunochemically, using the technique developed for determining antigens in SDS gels (Stumph et al. 1974; Burridg~, I976) . Hyperimmune rabbit anti-measles serum reacted with only a single component of uninfected Veto cell lysates. SSPE serum did not react with any component of the uninfected cell lysate. Several host cell components were identified in the measles preparations with hyperimmune serum to uninfected Veto cells. These poIypeptides, however, did not coincide with any of the known virus polypeptides and appeared as minor contaminants of the preparations by both Coomassie blue staining and autoradiography. Rabbit anti-measles serum and SSPE serum bound essentially identical components of the measles preparations with the exceptions of the L and HA polypeptides. Based on these data, it is concluded that 2 × SS purified measles preparations were relatively free of host cell contaminants.
The SSPE serum did not react with the major glycoprotein (HA) in the gel overlay assay, whereas the rabbit anti-measles serum reacted only weakly with this component. It is unlikely that the purification method altered or destroyed the HA polypeptide, since the purified virus elicited an appreciable anti-haemagglutinin response, i.e. I:512. The most likely explanation for the lack of reactivity is an alteration in the antigenicity of this protein The excellent technical assistance ofE. Mingioli and M.Weston is gratefully acknowledged.
